Flow cytometry was used in the identification of human microsporidia belonging to the genus Encephalitozoon. Microsporidian spores of Encephalitozoon hellem, E. cuniculi, and E. intestinalis were propagated in axenic cultures of monkey kidney E6 cells, purified with Percoll, and exposed to homologous and heterologous rabbit antiserum and monoclonal antibody prepared against E. hellem spores. After reaction to goat anti-rabbit immunoglobulin G (IgG) or goat anti-mouse IgG conjugated to fluorescein isothiocyanate, fluorescence histograms from gated data on light-scatter profiles showed that rabbit anti-E. hellem serum was reactive to E. hellem spores but also had cross-reactivity to spores of E. cuniculi and E. intestinalis. On the other hand, fluorescence histograms showed that rabbit anti-E. cuniculi and rabbit anti-E. intestinalis sera were reactive with homologous spores only. Monoclonal antibody prepared against E. hellem reacted only with spores of E. hellem. Neither the polyclonal antibodies nor the monoclonal antibodies reacted with Cryptosporidium parvum oocysts. Fluorescence histograms of spores treated with 10% formalin also showed reactivity, but the number of events in the most intense peaks of fluorescence was fewer (7 to 42%, depending on species) than the number of events in the most intense peaks of fluorescence for nontreated spores. By flow cytometry, formalin-treated and nontreated spores of Encephalitozoon were identified to the species level by using gated data on light-scatter profiles and analyzing the fluorescence histograms from the indirect immunofluorescence of the spores. Once a procedure is established for the isolation of Encephalitozoon spores from clinical specimens, identification of spores by flow cytometry may be useful not only for diagnosis but also for epidemiologic studies.
The phylum Microsporidia (33) consists of a group of ancient, spore-forming, obligately parasitic, eukaryotic protozoans that lack mitochondria (8) . A unique feature of microsporidia is the presence of a coiled polar tubule in the spore that, on extrusion, injects infective sporoplasm into a suitable host cell. Although microsporidia are known to infect principally insects and rodents, they are also known to parasitize members of every major phylum of the animal kingdom (8, 27) . Ten species of microsporidia (Enterocytozoon bieneusi, Encephalitozoon cuniculi, Encephalitozoon hellem, Encephalitozoon intestinalis [synonym, Septata intestinalis], Nosema ocularum, Vittaforma corneae, Pleistophora sp., Trachipleistophora hominis, Trachipleistophora anthropohthera, and Brachiola vesicularum) have been identified as agents of human disease (6, 7, 19, 20, 27, 30, 31, 34) .
Even though microsporidia have been recognized in human immunodeficiency virus-seronegative persons (5, (23) (24) (25) 39) as well as in recipients of liver (25) and heart-lung transplants (23) and have caused traveler's diarrhea in immunocompetent persons (5, 24, 32, 39) , microsporidia are now recognized as important emerging opportunistic agents in persons with AIDS (27) . The species E. bieneusi is the most prevalent microsporidian that infects persons with AIDS, in whom it causes gastrointestinal disease (27) . Encephalitozoon spp. have caused ocular as well as disseminated infections and have been identified with increasing frequency during the past decade, principally in patients with AIDS. E. cuniculi and E. hellem have caused ocular and disseminated infections without involving the gastrointestinal tract (13, 15, 27) , while E. intestinalis has caused disseminated diseases, including diseases affecting the gastrointestinal tract (6, 14, 27, 36) .
Identification of the genus and species of microsporidia is important for institution of the appropriate treatment regimens (13, 15, 27) . However, identification to the species level is difficult and requires specialized and time-consuming techniques such as electron microscopy and PCR (9, 13, 14, 27) . We have reported previously on the development of a speciesspecific monoclonal antibody (MAb) against E. hellem (12, 37) and highly specific polyclonal antibodies against E. cuniculi (11, 13) and E. intestinalis (4, 14, 36) . These MAbs detect these agents in human and animal specimens, including stools (4, 26, 28, 29, 36) . In this report we describe the use of flow cytometry, in conjunction with MAbs and polyclonal antibodies, as a tool that can be used to discriminate between the spores of the three species of Encephalitozoon on the basis of their lightscatter and indirect immunofluorescence properties.
MATERIALS AND METHODS
Parasites. E. hellem CDC:V257, E. cuniculi CDC:V282, and E. intestinalis CDC:V297 were grown at 37°C on monolayers of monkey kidney cells (E6) as described previously (13, (36) (37) (38) . The growth medium consisted of Eagle's minimum essential medium containing 5% heat-inactivated fetal bovine serum, 50 g of gentamicin per ml, and 1 g of amphotericin B (Fungizone). All three parasites were isolated from the urine of three different male AIDS patients originating from different geographic locales (11) (12) (13) (14) (36) (37) (38) .
Parasite harvest and purification. Spores that were periodically extruded into the culture medium were collected from several flasks and pooled. Most of the debris and unattached E6 cells were sedimented by low-speed centrifugation at 120 ϫ g for 10 min at 4°C and discarded. The spores in the supernatant were sedimented by relatively high-speed centrifugation at 1,200 ϫ g for 20 min at 4°C. After washing and suspension of the spores in cold phosphate-buffered saline (PBS), the spore suspension was layered over 45% Percoll containing 0.85% NaCl and centrifuged at 1,900 ϫ g for 30 min at room temperature. Additional debris and dead E6 cells were trapped at the PBS-Percoll interface, while spores were sedimented through the Percoll. The spores were washed in cold PBS, quantitated with a hemacytometer, and stored at 4°C until use.
Cryptosporidium parvum oocysts (Iowa strain) were purified as described previously (2) . Antibodies. Polyclonal rabbit anti-E. hellem, anti-E. cuniculi, and anti-E. intestinalis sera and MAb ED4H10B11/B12 (B11/B12) against E. hellem were prepared as described previously (11, (36) (37) (38) . Rabbit anti-E. hellem and rabbit anti-E. cuniculi sera were used at 1:750 dilutions against 2 ϫ 10 6 spores in 100 l of cold PBS containing 0.2% bovine serum albumin (BSA) and 0.02% sodium azide (PBS-BSA) for 30 min at 4°C. Rabbit anti-E. intestinalis serum and MAb B11/B12 (ascites fluid) were used similarly but were used at 1:200 dilutions. An irrelevant MAb and normal rabbit serum were used similarly. After washing with cold PBS-BSA, the spores were suspended in 100 l of cold PBS-BSA containing a 1:750 dilution of either fluorescein isothiocyanate (FITC) conjugated to goat anti-rabbit immunoglobulin G (Cappel Laboratories, West Chester, Pa.) or FITC conjugated to goat anti-mouse immunoglobulin G (Cappel Laboratories) for 30 min at 4°C in the dark. The spores were washed in cold PBS, resuspended, and stored in about 700 l of cold PBS in the dark until they were analyzed by flow cytometry. C. parvum oocysts were treated similarly.
Formalin treatment. Spores were purified as described above and were suspended in 10% formalin for 25 days at room temperature. Afterward, the spores were washed and suspended in cold PBS and stored at 4°C until use. For formalin-treated spores, optimal fluorescence occurred at a 1:200 dilution for all rabbit sera and MAbs.
Flow cytometry. Flow cytometric data were acquired and analyzed on a FACScan instrument (Becton Dickinson, San Jose, Calif.) equipped with a 488-nm argon laser and Lysis II software. The forward scatter (FSC) detector, side scatter (SSC) detector, and detector appropriate for detection of the emission of FITC were set to logarithmic scale. The voltages to the FITC detector were adjusted so that the autofluorescences of all species of spores exposed to normal rabbit serum or an irrelevant MAb were the same. Data on the FSC and SSC profiles from gated events (5,000 or 10,000) were collected and analyzed. The number of events in the peak fluorescence histograms was obtained with Lysis II analysis software.
RESULTS
Spore measurement. The E. hellem isolate was slightly larger than the isolates of E. cuniculi and E. intestinalis. The average size of E. hellem CDC:V257 was 2.5 m (range, 1.8 to 2.7 m), while the average size of E. cuniculi CDC:V282 and E. intestinalis CDC:V297 was 2.2 m (range, 1.4 to 2.5 m for both organisms).
FSC and SSC profiles of Encephalitozoon spores and Cryptosporidium oocysts. Figures 1A and B are double-axis dot plots showing the FSC and SSC profiles of E. hellem and E. cuniculi spores, respectively, along with those for C. parvum oocysts. The scatter profiles of E. intestinalis are not shown but were similar to those for E. cuniculi in Fig. 1B . The FSC profiles clearly separated the larger C. parvum oocysts (Fig. 1A or B, region 1 [R1]) from the smaller E. hellem spores (Fig. 1A, R2 ) and the E. cuniculi spores (Fig. 1B, R3) . Although some overlap in the FSC profiles was observed between the E. hellem and E. cuniculi spores, R2 in Fig. 1A showed a slight increase in FSC intensity compared with that in R3 in Fig. 1B , indicating slightly larger E. hellem spores than E. cuniculi or E. intestinalis spores. All Encephilitozoon spores showed similar SSC profiles.
Reactivity of rabbit anti-E. hellem serum. Figure 2A shows dot plot histograms of spores and oocysts exposed to rabbit anti-E. hellem serum. E. hellem spores (histogram 2) exposed to homologous serum showed a large peak and a small peak of fluorescence that were 2 and 1 log more intense, respectively, than those for the E. hellem spores exposed to normal rabbit serum (histogram 1). However, a few organisms exposed to homologous serum (histogram 2) showed the same fluorescence as those exposed to normal rabbit serum (histogram 1). Even though the fluorescence was slightly less than that for the spores of E. hellem, the spores of E. cuniculi (histogram 3) and E. intestinalis (histogram 4) showed considerable cross-reactivity with the rabbit anti-E. hellem serum. C. parvum oocysts (histogram 5) showed no cross-reactivity.
Reactivity of rabbit anti-E. intestinalis serum. Dot plot histograms of spores and oocysts exposed to rabbit anti-E. intestinalis serum are shown in Fig. 2B . E. intestinalis spores exposed to homologous serum (histogram 2) showed a major peak of fluorescence that was about 1.5 logs more intense than that for E. intestinalis spores exposed to normal rabbit serum (histogram 1). A small population exposed to homologous serum (histogram 2) showed the same fluorescence as spores exposed to normal rabbit serum (histogram 1). No cross-reactivity of the rabbit anti-E. intestinalis serum was observed with spores of E. cuniculi (histogram 3), E. hellem (histogram 4), or C. parvum oocysts (histogram 5).
Reactivity of rabbit anti-E. cuniculi serum. Histograms of spores and oocysts exposed to rabbit anti-E. cuniculi serum are shown in Fig. 2C . E. cuniculi spores exposed to homologous serum (histogram 2) showed a large peak and a small peak of fluorescence that were 2.5 and 1.5 logs more intense, respectively, than those for the E. cuniculi spores exposed to normal rabbit serum (histogram 1). A very small population exposed to the homologous serum (histogram 2) showed the same fluo rescence as spores exposed to normal rabbit serum (histogram 1). Although spores of E. hellem (histogram 3) and E. intestinalis (histogram 4) showed some cross-reactivity, their major peaks of fluorescence were at least 1.5 logs less than those for the homologous serum (histogram 2). C. parvum oocysts (histogram 5) showed no cross-reactivity.
Reactivity of MAb B11/B12. Figure 2D shows histograms of spores and oocysts exposed to MAb B11/B12 prepared against E. hellem spores. Although this MAb (histogram 2) poorly recognized some spores with reactivity no greater than the autofluorescent range of the irrelevant MAb (histogram 1), most of the spores showed fluorescence that was 1.5 to 2 logs more than those for E. cuniculi (histogram 3), E. intestinalis (histogram 4), and C. parvum oocysts (histogram 5).
Antibody reactivity to formalin-treated spores. After treatment with 10% formalin at room temperature for 25 days, the spores were reacted with homologous rabbit antiserum or MAb B11/B12 at a 1:200 dilution and analyzed by flow cytometry (Fig. 3) . For spores exposed to normal rabbit serum or an irrelevant MAb, the range for autofluorescence was broader (Fig. 3, white histograms) than the range for nontreated spores ( Fig. 2A to D, white histograms) . Although formalin-treated spores did react with homologous antiserum (Fig. 3 , black histograms), there were fewer events in the most intense peak of fluorescence (7% for E. hellem [ Fig. 3, histogram 2] , 42% for E. intestinalis [ Fig. 3, histogram 6 ], 37% for E. cuniculi [ Fig. 3,  histogram 8 ], and 34% for MAb B11/B12 [Fig. 3, histogram 4] ) than in the most intense peak of fluorescence of nontreated spores ( Fig. 2A to D, histograms for homologous sera) . Formalin-treated spores of E. hellem and E. intestinalis showed slight increases in the most intense peaks of fluorescence compared with those for nontreated spores. On the other hand, formalin-treated spores of E. hellem exposed to MAb B11/B12 showed slight decreases in the most intense peak of fluorescence compared with those for nontreated spores.
DISCUSSION
Flow cytometry has been used in studies of various parasitic protozoa such as Plasmodium (16, 21) , Eimeria (18) , and Cryptosporidium (3, 35) . In studies of free-living amoebae, flow cytometry has distinguished Naegleria fowleri from Acanthamoeba species (17) . Furthermore, flow cytometry has been used to quantitate and determine the viability of E. cuniculi spores derived from culture (22) , to isolate E. bieneusi spores from stool specimens (10) , and to compare the nucleic acid contents of microsporidian spores isolated from fish (1) .
In this study, we have used flow cytometry for the possible differentiation of the microsporidian species belonging to the genus Encephalitozoon. Although the light-scatter profiles of Encephalitozoon spores were similar, there was a slight increase in the intensity of the FSC profile of E. hellem, indicating that it has spores slightly larger than the spores of E. cuniculi and E. intestinalis. This was expected since this particular isolate of E. hellem (isolate CDC:V257) was about 2.5 m, whereas the other two isolates, E. cuniculi CDC:V282 and E. intestinalis CDC:V297, measured about 2.2 m. Also, as expected, the light-scatter profiles of all Encephalitozoon spores were clearly distinguishable from those of the C. parvum oocysts, which are larger (4 to 6 m). Unfortunately, the lightscatter profiles of Encephalitozoon spores are similar to those of many bacteria, and thus, light-scatter profiles alone would not be sufficient for the identification or sorting of homogeneous populations of spores. Even though a procedure for the isolation of spores from clinical specimens could be established, interfering bacteria and debris will likely be present. Thus, light-scatter profiles alone would be of no value in clinical settings.
In flow cytometry, a parameter in addition to light-scatter profiles that can be used to aid in the identification or sorting of Encephalitozoon spores is immunofluorescence. By use of this parameter, all species could be identified. Overall, very little cross-reactivity was shown by polyclonal antibodies and MAbs, which showed no cross-reactivity to C. parvum oocysts. The exception was rabbit anti-E. hellem serum, which not only reacted well with homologous spores but also reacted slightly less but strongly with spores of E. cuniculi and E. intestinalis ( Fig. 2A) . This cross-reactivity could be useful in clinical settings, where the identification of Encephalitozoon spores at the genus level is important since infections with the Encephalitozoon spp. can be successfully treated with albendazole systemically (in cases of disseminated microsporidiosis) and with fumagillin topically (ocular microsporidiosis) (13, 15, 27) . The anti-E. cuniculi and the anti-E. intestinalis sera reacted well with the E. cuniculi and E. intestinalis spores, respectively, and unlike the rabbit anti-E. hellem serum, these sera showed very little cross-reactivity with heterologous spores. For identification of E. hellem spores, epitopes reactive to MAb B11/B12 were present only on E. hellem spores.
In our previous studies, using the same antibodies in an indirect immunofluorescence (IIF) assay, we showed that the anti-E. hellem serum cross-reacted with E. cuniculi spores and that this cross-reactivity can easily be absorbed out, whereas MAb B11/B12 showed very little cross-reactivity (26, 37) . Similarly, we showed that the anti-E. cuniculi sera as well as the anti-E. intestinalis sera reacted well with culture-derived spores of E. cuniculi and E. intestinalis, respectively, and showed very little cross-reactivity. By the IIF assay, these antibodies have successfully been used to identify microsporidial agents in clinical specimens, including stool specimens (4, 13-15, 26, 28, 29, 36-38) .
The reason for multiple peaks in the fluorescence histograms is not known, but we believe that they represent mature and immature spores, with the latter showing lower fluorescence intensities than the former. By the IIF assay, we have observed spore-like structures, possibly sporogonic structures, with lower fluorescence intensities. Evidence from electron microscopy studies may answer this question.
Spores treated with 10% formalin remained reactive to polyclonal antibodies and MAbs. Although histograms with the most intense peaks of fluorescence showed fewer reactive spores than histograms with nontreated spores, a major portion of formalin-treated spores remained reactive to the antibodies, including the epitope that reacted to MAb B11/B12. These results are in parallel with those of the IIF assay for the identification of E. hellem, E. cuniculi, and E. intestinalis in formalin-fixed tissue sections and fecal specimens (4, 11, 13, 15, 26, 28, 29, (36) (37) (38) . By the IIF assay, we have observed that spores treated with 1% formalin show greater fluorescence than spores treated with 10% formalin (data not shown). Furthermore, we have observed by the IIF assay that over time the fluorescence intensities of spores treated with 10% formalin diminish, suggesting that fluorescence intensity is dependent not only on the formalin concentration but also on the time of formalin treatment (data not shown). Thus, specimens treated with 1 or 10% formalin for at least 25 days could be used for the identification of Encephalitozoon by flow cytometry once a procedure for the isolation of the spores is established.
Microscopic analysis of clinical specimens containing microsporidia, besides being very subjective, is time-consuming, and thus, only a small number of specimens can be analyzed at any given time. Pending the establishment of a procedure for the isolation of Encephalitozoon spores from clinical specimens, flow cytometry in conjunction with immunofluorescence offers not only an objective means of analysis that can be performed quickly but also provides for a rapid assessment of clinical specimens for the presence of these opportunistic microsporidial organisms.
